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Abstract 
 
Science education research continues to demonstrate improved learning with active-
learning techniques compared to lectures. However, the question of which active-learning 
methods are the most effective for learning complex scientific principles in various context still 
remains. Models are commonly used in activities that allow students to simplify complex 
systems and understand how components interact. I investigated the outcomes for student 
learning and engagement of two model-based activities - concept models and game simulations. 
The activities were conducted in an introductory biology course in sixteen discussion sections. 
Eight sections were assigned to the concept model activity and eight to the simulation activity. 
To assess engagement, students filled out a Likert-scale questionnaire on enjoyment and 
usefulness of activity (concept model: 130 students for food web activity and 131 for carbon 
cycle activity; game simulation: 131 students for food web activity and 126 game simulation 
students during the carbon cycle activity). To assess student learning, 152 students completed 
pre-post homework assignment based on conservation and transformation of matter. Over 80% 
of students enjoyed both the concept-mapping and simulation activities. Students reported that 
the hands-on nature of the concept activity was helpful for understanding the connections in food 
webs. For the homework assessment, all students significantly increased in their scores from pre 
to post on the MC (paired t-test, meanpre = 4.86±1.6; meanpost = 5.23±1.6;p<.05) and TF 
assessments (paired t-test; meanpre = 2.06±1.0 meanpost = 2.32± 1.0; p<0.05).  For the TF 
assessments, we observed the trend that students in the simulation group showed a greater 
improvement in their scores than students in the concept-mapping group (t-test; meanΔconcept = 
vi 
	   	   	   	   	   	   	  
0.11±1.4; meanΔsimulation =0 .43±1.0 p=.059). There was no difference between student 
improvement for the two groups on the MC assessment ( t-test meanΔconcept = 0.27±2.1; 
meanΔsimulation = 0.51±1.8 p=.474). Students’ responses to short answer questions showed those 
students’ ideas about the concept of matter conservation varied from naive to scientific. For 
example, students failed to conserve matter during nutrient cycling. More scientific responses 
demonstrated principled reasoning such as references to conservation of matter.  The students 
within the two activities did not demonstrate large differences between their text responses for 
the short answer. Overall, students in both activity type demonstrated learning gains, though 
there was no significant difference between the activity types.  
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Introduction 
 
 Biology instructors have recognized that biology education should be accessible to all 
students. In 2011, biology educators created a report that discussed the changes that needed to be 
considered in order to retain students in biology and create an atmosphere of learning that 
reflects what biologists do in their respective fields. The American Association for the 
Advancement of Science report “The Vision and Change in Undergraduate Education: A Call to 
Action” (2011), calls on educators to take a student-centered approach to teaching. Student-
centered learning is based on the idea that students construct their individual meanings of the 
subject from their own background, and apply this view in the classroom (Bransford et al 2000). 
In this way, the teacher helps the students connect what they already know to what they will 
learn, allowing the students to engage with the content material and have them use knowledge as 
a foundation (Bransford et al. 2000). Much of this call for student engagement is based on how 
students learn. Students come into the classroom with their own constructed views on what is 
considered their reality. They apply these views to the classroom, and they add to their 
understanding. This idea that students build on what they know from their perceived reality is 
constructivism (Steffe and Gale 1995). Although constructivism has introduced learning as a 
linear path constructed by the student, Lesh et al (2003) suggests that this is not the case. Instead 
the instructor needs to find a way to develop the thought process and allow for further 
development. Students do not form a foundation and then leave that alone; the student’s 
knowledge base is always changing, adding more information and reshaping the context for their 
ideas. The instructor is a guide for students to understand. Students need to continue to see 
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examples of the objectives being taught in order to apply their new knowledge to different 
scenarios, and will need teachers to guide them as they start to connect concepts (Bransford et al 
2000, Steffe and Gale 1995).  
One area that instructors have focused on changing in order to help students build their 
knowledge is active learning. Active learning can be defined as engaging the students through 
activities or discussions rather than passive lecture (Freeman et al 2014). With the change from 
students passively listening to lectures to being participants in their education, active learning is 
a way for students to be involved in their learning (Bonwell and Eison 1991).   Active learning 
formats vary widely from multiple choice clicker questions dispersed throughout lecture to 
working in groups to solve problems using worksheets. As diverse as these activities are, the 
evidence also suggests variability in the magnitude of how the activities effect assessment 
achievement (Freeman et al 2014, Prince 2004).  Many activities are now being incorporated into 
biology classrooms with more successful retention of content, recall of learning objectives and 
higher assessment performance for more engaged students in the program (e.g. Freeman et al 
2014, Prince 2004). In a meta-analysis of the research on active learning in science, Freeman et 
al (2014) found that in 158 studies, the student assessment grades increased in active learning 
environments compared to traditional lecture environments. Furthermore, the researchers 
reported that there was a higher failure rate in traditional lectures than in the active learning 
classrooms in 68 studies comparing pass/fail rates.  Now that there is compelling evidence that 
active learning is beneficial for students, the question remains as to what type of activities are 
beneficial for students and instructors in different learning environments (Micheals 2006). 
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Modeling for Active Learning 
 
One active-learning practice that can be applied in the biology classroom is modeling. 
Models are tools that scientists use to simplify a system and can help to make predictions 
(Gilbert 2004). Instructors can also use models to answer questions after students explore the 
model (Bransford et al 2000). Although many models exist, (i.e. physical models, theoretical 
models, mathematical models, etc), the two observed for this study are concept models and 
simulation models for their use in explaining broad biological concepts.  
The first type of model that is used in this study is the concept model. Concept models 
show the interaction of parts within a system, and can be a visual guide for students (Lesh et al. 
2003). Concept models help students show a representation of analogies, mathematical 
equations, and material artifacts that are well known in the scientific community (Greca and 
Moriera, 2000) Although very similar to a concept-map, the concept model is not a hierarchical 
representation of the information for the students. Novak (2008) explains that the concept map is 
a tool for organizing data and ideas, and meets the criteria that: 1) Boxes or ovals represent 
concepts, 2) Lines represent words linking concepts, 3) More specific concepts are positioned 
towards the bottom of the map, and 4) Cross-links relate the concepts to others in another area of 
the map. For this particular study, we use concept models which lack words linking the concepts 
together, and hierarchy.  Concept modeling is useful for students to construct the interaction of 
complex systems and to make something that is immaterial concrete (Harrison and Treagust 
2000, Greca and Moriera 2000). The concept model uses some verbal concepts, but mainly 
visual depiction of arrows for directional interaction and shapes for parts of the system. As 
students go through displaying the interactions using these parts of the system, much of the 
concept model is displayed in symbols and can easily be assessed by the instructor for concepts 
4 
	   	   	   	   	   	   	  
the student has understood, concepts that are missing, and concepts that the student 
misunderstood. Instructors may require less time to evaluate a model than reading through a 
written response. Concept models are also useful for students to retrieve information, as it helps 
them store the biological information in their memory in a constructive manner (Dauer and 
Long, 2015).  
The second type of model incorporated in this study is the game simulation. Simulations 
are dynamic models that allow students to see a change in nature using a virtual interaction 
(Harrison and Treagust 2000). Simulations can take different forms, and in this study, they are 
associated with a game, which is defined as a system of chance that incorporates the randomness 
of a natural phenomenon within an artificial environment (Salen and Zimmerman 
2004).  Students do not have to be part of the creation of the games in order to obtain the benefits 
of the trends (Lesh et al 2003). Game simulations have the benefit of allowing students to obtain 
skills such as collaboration, critical thinking, and problem-solving - skills that professors often 
want their students to obtain in the classroom (Voogt and Pareja Roblin, 2010). In a review of 
game simulation in the classroom, Li and Tsai (2013) reported that for the 31 studies observed 
on game based science learning, that four emerging themes were observed as benefits of this 
game play. The benefits of game-play were 1) as a tool or tutor for students to learn science 
concepts, 2) to make connections between the game world and the real world, 3) allowing 
students to work on collaborative problem-solving, and 4) as an effective environment for 
learning. They also noted that science learning content was typically the goal of the researchers, 
and they found few studies that looked into student engagement and motivation using the games 
in the classroom. In a study by Saddler et al (2005), video game simulation for biotechnology 
was able to increase general biology student course grade in a high school setting. In another 
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study by Anderson and Barnett (2011), a video game was used in contrast to a traditional guided 
inquiry in order to teach physics concepts to new middle school teachers. This study found that 
students who played the game did significantly better on a pre- and post-assessment comparison 
than those who were in the control. In the same way, Ebner and Holzinger (2007) found that 
their physics students who played the game either in class or as supplemental work had at least 
equal achievement on a post-assessment than the student who did not participate. They also 
found that students enjoyed playing the game whether or not the game was given as a mandatory 
assignment. Games are helpful for students to explore systems on their own, allowing for 
students to connect with the material in an engaging way (Rieber 2001).  
 
Student Learning of Complex Biological Concepts  
Finding ways for students to understand broad biological principles is important for 
instructors since the curriculum builds on many of these foundations, yet students struggle to 
grasp these concepts (Carlsson  2002). Students particularly struggle with conservation of matter. 
The reason for this difficulty may be that students tend to struggle with large complex systems, 
sometimes getting lost in the details or struggling to see the system as a whole (Assaraf and 
Orion 2005). Students especially find matter movement in biology difficult. As one study found, 
students may lose matter when it is in a gaseous state, and not recognize or describe the 
transformation of matter to a new form (Carlsson  2002). Although students can recite the law of 
matter conservation (i.e. that matter cannot be created or destroyed), they tend to have difficulty 
applying this idea in context (Rice et al 2014). Because of these struggles, finding a way that 
allows students to explore the movement of matter through an ecosystem is helpful for the 
students to demonstrate that they can apply the concepts to a real life situation of an ecosystem. 
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For this reason, we have chosen simulation models and concept models to help students visualize 
the movement of matter. 
 
Research Objectives  
For this study, I compare the impact that concept models and game simulations and have 
on student interaction with scientific principles of matter. I hypothesize that:  
1) Students will enjoy the game simulation more than the concept model because the game is 
constructed so that the students are active participants in the complex system but not creating the 
underlying connections and the students manipulate the game variables. Meanwhile, the concept 
model is constructed by the students, and requires the students to create the connections more 
thoroughly (Reiber 2001). 
2) Students will also show greater learning gains from physically constructing the concept 
models and allowing the instructors to catch misunderstandings as students create the model, 
rather than playing the game simulations (Dauer and Long 2015 and Saddler et al 2005).  
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Methods 
 
Classroom Context 
 
 This study was conducted in the Principles of Biology course for Non-Majors at a large 
southeastern university. Students in the course are typically in their first and second year of 
undergraduate study. This introductory course includes a lecture class of approximately 350 
students. These students also participate in discussion sessions of about 20 students per session. 
The discussion sessions last for fifty minutes, and are taught by Graduate Teaching Assistants 
(TAs). The activities examined in this study were conducted in the discussion sessions. The 
discussion sections were randomly assigned to one of the two activities, so that half of the 
discussion sections (eight) participated in concept models and the other discussion sections 
(eight) participated in game simulations. Activities were conducted over the course of two 
consecutive discussion courses. The first discussion course curriculum was based on food web 
dynamic within an ecosystem, and each student was shown changes within an ecosystem based 
on the loss of an apex predator. The second discussion course curriculum was based on the 
carbon cycle, and students tracked carbon atoms within an ecosystem. This study was conducted 
under the USF IRB Pro # 00020482. 
 
Activity Development  
Two types of activities were conducted: concept modeling and simulation modeling. 
Each activity was conducted during the two discussion sessions focused on food webs and 
carbon cycling. 
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Concept Model Activity 
Food Web. Concept modeling was implemented during two discussion sessions. The 
first discussion session covered Food Web dynamics. Students were given paper cut-outs 
representing organisms of the Yellowstone National Park food web. These cutouts consisted of 
animals and plants, (such as an elk, aspen, and wolf). Students were also given arrows to 
represent the flow of matter in the ecosystem. Each group of students was given a white poster 
board as the space for their model to take place. They then placed the animal and plant cut-outs 
onto the board. To show how the matter moves through the food web, the students used 
the arrows and were asked to have the arrows pointing in the direction of the movement of the 
food as shown in Figure 1.  
 
 
Students were then presented with new scenarios and were given new larger and smaller 
cut-outs than the ones they had originally. These represented large, medium, and small 
populations respectively. For example, the original elk cut-out represented a medium population, 
a smaller elk cut-out represented a smaller population of elk, and a larger cut-out represented a 
Figure 1: Part of the food web created via concept modeling. The diamonds represent the 
cards given to the students in the class, with the green cards representing producers and the 
yellow cards representing consumers. The arrows represent movement of matter. In this 
example, the aspen is consumed by the elk, which is then consumed by the wolf.  
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large population of elk. Using the new cut-outs, the students were asked to change the size of the 
cut-outs to reflect how the size of each population would change if  1) the top predator was taken 
away from the system, and 2) an invasive thistle was added to the food web model.  
Carbon Cycle. For the next discussion session, the same Yellowstone scenario was used 
to set up an ecosystem for the students to demonstrate the carbon cycle and what effects 
anthropomorphic activities have on the distribution of carbon. The students were asked to 
recreate the food web they had formed from the last period using the same mid-size cut-outs of 
plants and animals. Once this was completed, they were given more cut-outs to represent carbon 
pools, such as atmosphere, fossil fuel, ocean and decomposers in the soil. Each of these cut-outs 
had different sizes to show the variation of amount of carbon in each pool, but this first baseline 
model had only medium-sized cut-out representations. As they added the parts of the cycle in, 
the students were told to use arrows to map the flow of carbon through the system. For every 
arrow, they also needed to match the process (ie. photosynthesis, respiration, combustion) by 
which this transformation occurred.  Figure 2 shows an example of a concept model which 
includes a new carbon pool. 
Once the students created this new concept model, they were given new scenarios: 
industrial revolution, global industrial revolution, and deforestation. With the different sized cut-
outs relating the amount of carbon in each pool, students used their model to represent the 
changes in their ecosystem based on the new scenarios. For example, in the industrial revolution, 
the student would change the fossil fuel pool and the atmosphere pool. Fossil fuels should 
become smaller in their model as the fossil fuels were brought up to the surface and used in 
industry, and atmosphere should become larger as combustion of the fossil fuels occurs at higher 
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rates.    The students were asked to think about how these carbon pools (atmosphere, fossil fuel, 
plants and animals) were affected by pre-industrial earth, post-industrial earth, and deforestation. 
 
 
 
During each of these scenarios, the TAs engaged students in discussing the change in 
carbon dioxide emissions and the resulting environmental impact. In the post-industrial scenario, 
students modeled and discussed fossil fuel depletions, which puts more carbon dioxide into the 
atmosphere. In the deforestation scenario, eliminating the trees removed the most prominent 
carbon sink that takes carbon dioxide out of the atmosphere. Students created a concept model of 
this deforestation scenario with a smaller cut-out of the plant (in this case, aspen) to show less 
carbon storage within the plant population, a larger cut-out of the circular blue atmosphere cut-
Figure 2: Concept Model representing the addition of the atmosphere carbon pool. The 
diamonds represent cut-outs given to the students and were part of the earlier food web 
activity, shown in Figure 1. Added to this concept model is the abiotic pool of atmosphere, a 
blue paper cut-out. From this diagram, the arrows represent the movement of carbon, with 
photosynthesis, respiration, and consumption represented by arrows.  
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out for the carbon accumulation within the atmospheric, and an even smaller cut-out indicating 
fossil fuels, as industry is still occurring and depleting the reserved carbon.   
 
Simulation Model Activity 
 
Food Web. Simulation modeling was implemented during two discussion sessions. The 
first discussion session focused on food web dynamics. In the first game simulation for food 
webs, each group of students was given an Excel file, a die, and a key of descriptions to explain 
the action of each animal within the food web represented by the dice throw. The cells of the 
Excel spreadsheets contained mathematical equations that represented a food chain consisting of 
plant, caterpillar, raccoon and wolf. The students could see the organisms in the food chain but 
not the equations behind the simulation (Figure 3a). The students used the die rolls to manipulate 
the input of the equation. The key provided the instructions for each roll on the key. After each 
roll an organism could 1) eat and increase that population, 2) die and decrease the population, or 
3) undergo a catastrophe and a larger amount of organisms die causing a large population 
decrease. The die was weighted as follows a) 2/3 chance of eating, b) 1/6 chance of animal 
dying, and c) 1/6 chance of organism undergoing a catastrophic event. If an organism ate, this 
directly affects the organism which it consumes.  For example, when the caterpillar ate the plant, 
the plant population decreased. The plant did not affect any of the animals by acquiring food 
through photosynthesis. The students were asked to fill out a table within Excel with the letter 
corresponding to the roll. For example, if a student rolled a 1, that corresponded to the caterpillar 
consuming food, and the student placed an “e” in the designated cell. If the student then rolled a 
3, this would correspond with the letter “d”, and would be placed in the next organism, or the 
raccoon. “d” corresponds to “death”, and there would be no repercussions on the caterpillar, but  
12 
	   	   	   	   	   	   	  
 
the raccoon population would diminish. The wolf column was manipulated, and students could 
roll a number corresponding to “c”. “c” would correspond to a larger loss of the wolf population 
Figure 3: This figure represents the data collection and results of the Food Web Game Simulation 
during rounds where the top predator is excluded. In Figure 3a, students manipulated the table 
after rolling the dice and inserting the letter that it represented. As they entered the letter into the 
table, the graph (Figure 3b) would showed the simulation of the populations change caused by 
the interactions. Students could visualize this change.  
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due to a natural event, and the raccoon population would not be affected.  Once the round 
finished, the students continued onto the next round, and the graph formed as the input was 
placed in the table by the student. No computation was needed on the students’ part, they simply 
typed in the letter corresponding to the roll of the die. Once the students finished the ten rounds, 
they were asked to look at the graph and to discuss the trends of this simulation. 
In the 11th round, students removed the top predator from the food chain, and continued 
playing the game for 10 more rounds. Once the simulation finished, the students were asked to 
discuss trends of the data. Figure 3 gives an example of the graph and the table that students 
produced during this simulation missing the top predator. 
Carbon Cycle. The second game simulation was modified from “The Carbon Cycle 
Game” (Ceven n.d; 
http://oceanservice.noaa.gov/education/pd/climate/teachingclimate/carbon_cycle_game.pdf). 
Students took on the role of carbon atoms circulating the earth. They were given a worksheet to 
fill out as they moved through stations representing each round where they had ended up to keep 
track of their ‘journey’ as carbon atoms. For example, when a student started as a carbon atom in 
an animal, the student could in the next round be in the atmosphere due to respiration. The 
student would then record ‘atmosphere’ for the second round on this worksheet. At the start of 
the game simulation, two students were assigned to each of the following stations placed around 
the room: the atmosphere, ocean, animals, plants, and soil. The rest of the students were assigned 
to the fossil fuels station.  
At each station, there was a die and a key with a description of how the student moved in 
relationship to the die cast. Each student started at an assigned station, and (with the exception of 
those in the fossil fuel station) could circulate to different stations based on their key. For 
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example, the students at the plant station who rolled a “1” received the instructions that they 
were eaten by an animal, and made his/her way to the animal station. In the next round, that 
student at the animal station rolled and receive instructions that he/she was released from the 
animal through respiration and moved to the atmosphere. As the students make their journey 
through the room, the TA recorded the amount of students at each station in each round. This 
was done using a simple Excel file, with data input for the number of students in a station and a 
line graph to show each plot point for the fossil fuels, the plants, and the atmosphere. The other 
carbon pools were not added to the graph as they would make it too crowded, though they were 
recorded within the Excel file (Figure 4). As the TA filled the data on the Excel sheet, the 
students went through a few scenarios that they would then see the trends within the graph: the 
industrial revolution; the global industrial revolution, and deforestation. As the graph changed, 
the lesson was reinforced that the students were the amount of carbon in each pool, and so any 
increases or decreases are the trends of the carbon atoms moving along the carbon cycle.  
In the first five rounds, the students were simulating before humans had used oil on a 
large scale, and so half of the students were expected to circulate through the carbon cycle while 
the other half of the students were fossil fuels, still underground, and not circulating through. The 
TA recorded the tally for the number of students in each station, and the fossil fuel students still 
were made up of half of the participants.  
Before starting round 6, the students discussed the graph including the role of industrial 
revolution increasing fossil fuel consumption. At this point, half of the carbon atoms in the fossil 
fuel pool were ‘released’ into the atmosphere station, and these students were allowed to join the 
other circulating students. The students then circulated with those new students for rounds 6 
through 10, so that more ‘carbon’ represented by students were moving freely among the pools.  
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After round 10, the Global industrial revolution was simulated and all the carbon atoms – 
or students - were released from the fossil fuel station into the atmosphere. This demonstrated 
that now that carbon was more readily available for the rest of the world, and was being used. 
These released fossil fuel students rolled and move to other stations for rounds 11 through 15.  
 
 
  
Rounds 16 through 20 simulated the impacts of deforestation. In order to simulate the 
change in the probability of moving between pools, the dice was weighted to better reflect the 
movement of carbon after the industrial revolution and deforestation: at the atmosphere station 
carbon was retained at a greater rate and at the plant station carbon was taken in at a lower rate. 
Figure 4: Data collection and results for the Carbon Cycle simulation game. The class totals for 
students at each station (i.e. carbon atoms in each pool) were entered into the table above by the 
Teaching Assistant (Figure 4a). The graph generated from the class data is also shown (Figure 
4b). As in the industrial revolution occurs, the fossil fuels (green line) noticeably become 
depleted and the atmospheric carbon (blue line) rises.  
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The students were asked to use these new directions as they made their way through the carbon 
cycle for five more rounds. Once this round was finished, the class discussed the movement of 
carbon and the trends seen in the atmospheric carbon pool after the industrial revolutions and 
deforestation. 
 
Assessment of Student Engagement and Learning 
 
 
Student Engagement 
 
At the end of the concept modeling and simulation modeling activities in the activities, 
the students took a short survey reporting their enjoyment of the activity and what they found 
helpful and confusing about it (See Appendix A for Survey). This survey was taken 
anonymously and collected within the class period of the activity. Three of the questions were 
based on a Likert-scale, which asked students to choose a number from one to five based on their 
enjoyment of the activity, with one being the most negative perspective and five being the most 
positive.  I compared the percentage of students who scored a positive perspective (4-5) on the 
activity, a negative perspective (1-2) on the activity, and a neutral perspective (3). In addition to 
the Likert- items student were asked to respond to two open-ended questions: “What was 
confusing or difficult about this activity” and “What did you find most helpful for this activity”. 
Written responses to these questions were coded using content analysis for recurrent observed 
themes. What the students found confusing and helpful were recorded along with the percent of 
students who answered in that category.  
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Course Assignments 
 
Course assignments were used to determine student learning gains on matter movement 
in ecosystems through open-ended written homework assessments. These assignments were 
administered through Canvas, the online learning management system used by the university. In 
Spring 2016, we administered the homework assessments before and after each activity. This 
assessment consisted of a multiple choice question, true and false with a short answer portion, a 
multiple choice with a short answer portion, and a short answer question that was only 
administered on the post-assessment. The multiple answer question and true false questions were 
adopted from Diagnostic Question Cluster Research (Hartley et al. 2011,Wilson et al. 2006; also 
see website http://dqc.crcstl.msu.edu/). For the multiple choice short answer, the question was 
adapted from the Automated Analysis of Constructed Responses research. The last short answer 
question was adapted and modified from Ebert-May and colleagues (2003). Appendix B lists the 
questions used on the assessment. Students were given extra credit points for completion of the 
questions. To test whether the students improved in their answers, I performed a paired t-test of 
the pre and post means for all student scores for the multiple choice and true false. To compare 
whether model activity had an effect on the change in score, I performed a student’s t-test on the 
means of the student scores for the multiple choice and the true and false.  
 
Text Analysis and Machine Scoring 
 
Students’ short answer responses were coded for emergent scientific concepts and 
incorrect ideas. Another researcher and I then coded each of the written responses based on 
consensus coding. Once all of the student answers were coded for presence or absence of the 
category, the percentage of students to answer within each category and by model activity were 
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recorded.  To compare the text analysis difference from pre to post assessment within each 
activity, I performed a chi-square test (Fisher’s exact test) for each activity type and category. To 
compare the text analysis codes from activity type, I performed a chi-square (Fisher’s exact test) 
for pre and post-assessment answer and category. Fisher’s exact test was used because of the 
smaller samples sizes that were being compared in the contingency tables (McDonald 2009). 
Question 6 and Question 7 in Appendix A were based on research through Automated 
Analysis of Constructed Response (AACR) program. The AACR program creates computer 
scoring models for short answer questions in biology and other science subjects (Prevost et al in 
press; Haudek 2012). We used an AACR computer scoring model to analyze students written 
responses to question 6 (Romero et al., 2015). We also compared computer predicted scoring 
with human coding for this question. Student responses were analyzed using LightSIDE, a 
machine learning software (Mayfield et al 2014). Each model consisted of categories that 
LightSIDE either recognizes as present or absent. For example, LightSIDE is trained to look for 
the presence or absence of the concept “Law of conservation of matter”.  In the student response 
for Question 6, “B) Matter is recycled because it cannot be destroyed it may just take another 
form”, this would be coded as a “1” for presence of the concept “law of conservation of matter”. 
These written responses were not coded as ‘correct’ or ‘incorrect’, but analyzed for whether or 
not the responses contained a particular concept. For each concept, the agreement between the 
human coders and the computer model was analyzed using kappa statistic (Cronbach 1986). 
Kappa values can range from 0 to 1, where 1 represents perfect agreement. Kappa values of 0.7 
and greater represent acceptable/good agreement between raters (Cronbach, 1984). 
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Results 
Student Engagement Survey 
Students in each discussion class were given engagement surveys for Food Web activities 
and Carbon Cycle activities. For the Food Web activities, 130 students in the concept model 
discussion sections responded, while 131 students from the simulation discussion sections 
responded. For the Carbon Cycle activities, 131 students from the concept model discussion 
sections responded, while 126 students for the game simulation discussion sections responded.  
 
Likert Analysis 
Students reported whether they liked the activity based on a scale of 1 to 5, with 5 being 
“strongly agree”, and one being “strongly disagree”. Figure 5 displays student responses for the 
student report for whether they liked the activity. For food web activity, 90% of the concept 
model students and 87% of the simulation students reported that they overall liked the activity. 
For carbon cycle activity, 70% of the concept model students and 79% of the simulation students 
reported that they liked the activity.  
The second question the students were asked on the engagement survey was to indicate 
their agreement on whether “This activity reinforces the lessons in the class on the subject”. 
Figure 6 below display the responses. For the food web activity, 95% of the concept model 
students and 90% of the simulation students reported that the activity reinforced what they 
learned in class. For the same question based on the carbon cycle activity, 87% of concept model 
students and 90% of simulation students reported positively.  
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Figure 5.  Student responses on the enjoyment of activity on learning. Students were asked to response 
to the item “Overall I liked the activity” using a Likert scale. Responses for both activities (concept 
model and game simulation) are displayed for the two topics analyzed (food web and carbon cycling).   
Figure 6.  Student responses on the impact of activity on learning. Students were asked to respond to 
the item “This activity reinforces what we learned in class” using a Likert scale. Responses for both 
activities (concept model and game simulation) are displayed for the two topics analyzed (food web 
and carbon cycling)  
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   Students were also asked to indicate whether they had a better understanding of the 
subject matter. The percentage of student answers for the Likert scale is displayed below in 
Figure 7.  For the food web activity, 85% of concept model students reported a better 
understanding of this topic, with 70% of game simulation students reporting a better 
understanding. For carbon cycle activity, 83% of concept model students reported that they had a 
better understanding of the carbon cycle, while 76% of game simulation students reported a 
better understanding of the carbon cycle.  
 
	  
 
Written Responses: Food Web Student Engagement Survey 
Within the student engagement surveys, students were asked to report “What was 
confusing” and “What was helpful” for each of the activities. Tables 1 and 2 show the percentage 
Figure 7.  Student responses on impact of activity on learning. Students were asked to respond to the 
item “I have a better understanding of material” using a Likert scale. Responses for both activities 
(concept model and game simulation) are displayed for the two topics analyzed (food web and carbon 
cycling)  
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of responses for each of the survey questions “what was helpful” and “what was confusing” 
respectfully for each qualitative coding category within the food web survey data for students in 
the concept model group. About a third of both concept model and game simulation students 
responded that the visual aspect was the most helpful, especially the board and cards for concept 
model (29%) and the graph for the simulation (33%). Other helpful aspects of the concept model  
 
Table 1.  Qualitative coding results for responses to the  survey question “What was helpful?” and “What was 
confusing?” for the food web activity and the concept model group 
Concept Model 
(n=130) 
Category % response 
What was  
helpful? 
Visual 29 
Hands-on and interactive 21 
Explanation of food web 15 
Change in population sizes 15 
Organisms involvement in food webs 12 
Materials Board and cards and arrows 10 
Not related to activity (short video) 8 
Group activity 7 
Category % response 
What was 
confusing? 
Nothing 34 
Interaction and background information of species 30 
Invasive species 9 
Cards for population sizes 7 
Complexity of food web 5 
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Table 2: Qualitative coding results for responses to the  survey question “What was helpful?” and “What 
was confusing?” for the food web activity and the simulation group 
Game Simulation 
(n=131) 
Category % response 
What was helpful? 
Visuals with graph 33 
The food chain example 18 
Nothing 12 
The layout and excel spreadsheet 9 
Outsides of the lesson concepts/ video 7 
The dice and randomness in ideas 6 
 Category % response 
What was 
confusing? 
Nothing 69 
Graph and predictors 8 
Real life incident vs. model outcome 5 
Instructions of activity 5 
	  
activity was its interactiveness (21%), the explanation given at the end of the activity (15%), and 
the use of changes in population sizes (15%). Game simulation students found that the use of a 
real life example of the food chain (18%), the layout of the spreadsheet (9%), and the movement 
of carbon (10%) useful. 
When asked to describe the “most confusing” parts of the activity, a third of students in 
the concept model sessions reported that they did not have enough background information on 
the species that was used within the food web. Other confusing portions of the activity reported 
by concept model students were the model of the invasive species impact on the food web (9%), 
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the use of cards for population size (7%), and the overall complexity of the food web (5%). Over 
one third of the concept model group reported that nothing was confusing. 
The simulation students reported a few confusing components. Eight percent of game 
simulation students reported that the graph and predictors were confusing.  Five percent of 
students in the game simulation reported that real life and the graph model outcome did not 
necessarily match, and that the instructions for the activity were confusing. Despite these areas of 
confusion over two thirds of the simulation students reported that nothing was confusing. 
 
Written Response: Carbon Cycle Student Engagement Survey 
 The student engagement surveys were also given during the carbon cycle, and students 
were asked to report what was confusing and what they found helpful in each of these activities. 
Table 3 and 4 show the percentage of students who responded to the survey questions coded in 
each category. Students in the concept model intervention class responded that the explanation 
by the teaching assistant of the carbon cycle (17%) was helpful. Seventeen percent of students 
also noted that the visual nature of the concept model was helpful to their learning (17%). Game 
simulation students noted that the explanation the TA provided and that the station guide that 
explained which station to go to and why (21%) was most helpful. They also added that the 
specific carbon cycle examples used (14%) was helpful. Other helpful aspects of the concept  
model were that it was interactive (11%), group activity (8%), and the processes used (7%). 
Game simulation students also found that interaction with the game (12%), the visual component 
(11%), the graph (10%), and the movement of carbon (10%) useful.  
 Students in the concept model session found that using the different size cards was the 
most reported confusing factor (25%). The student found that observing which round they were 
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on (10%) and the length of the activity (10%) were the confusing elements for game simulation 
students.  
Table 3: Qualitative coding results for responses to the  survey question “What was helpful?” and “What was 
confusing?” for the carbon cycle activity and the concept model group 
Concept Model 
(n=131) 
Category % response 
What was helpful? 
Explanation of Carbon Cycle 17 
Visual aid 17 
Interactive  11 
Group activity 8 
Process 7 
Nothing 5 
Example used for carbon cycle 5 
 Category % response 
What was 
confusing? 
Different sizes of cards 25 
Nothing 23 
Background information on the Carbon 
cycle 
13 
Arrows 8 
Overall complexity of diagram 7 
Atmosphere connection to carbon cycle 7 
Processes related to carbon cycle 6 
 
Other confusing factors of the activity for concept model students were having little background 
in carbon cycling (13%), and the use of arrows in the activity (8%), A larger percentage of game 
simulation students (58%) reported that nothing in the activity was confusing compared to 
concept model students (23%). 
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Table 4: Qualitative coding results for responses to the  survey question “What was helpful?” and “What 
was confusing?” for the carbon cycle activity and the simulation group 
Game Simulation 
(n=126) 
Category % response 
What was helpful? 
Explanation on worksheet or by TA 21 
Specific carbon cycle examples 14 
Nothing 14 
Interactive 12 
Visual 11 
Graph 10 
Movement of carbon 10 
What was 
confusing? 
Category % response 
Nothing 58 
Following the rounds of the cycle 10 
The length of the activity 10 
How to move 7 
Graph did not reflect reality 7 
The carbon stations 6 
 
Assessment of Learning Gains 
Students in the lecture course were asked to fill out a pre and post-assessment with 
questions that asked about the movement of matter. All questions are in Appendix B. The 
students who participated in both pre and post-assessment were the only subjects considered for 
analysis. Each student was recognized as whichever activity they were a part of based on their 
discussion section number. For concept model students, we analyzed 83 student responses; for 
game simulation, we analyzed 69 student responses.  
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Multiple-Answer Question Analysis 
On the pre and post-assessment, students were asked to answer the multiple-answer 
question (Appendix B). Correct answers are italicized, and are letters B through G. A and H were 
the only incorrect answers. Students could score as low as a -6 and as high as a 6 for correct 
answers compared from pre to post-assessment (Figure 8). Students who scored a -6 would be 
considered to have gotten all correct answers on the pre-assessment, and missed them all on post-
assessment. Those with a score at 0 means that students did not improve or decline in the correct 
answers. If the student scored a positive score, then the student improved from pre to post-
assessment. 
	  
Figure 8. The percentage of students for each score, ranging from -6 to 6 from their pre to post-
assessment. A negative score represents a student who performed worse in the post-assessment than in the 
pre-assessment. If the student performed the same on the pre and post-assessment, then the student score 
is zero. If a student performs better on the post-assessment than on the pre-assessment, then the student 
will have a positive number. Concept students = 83; game students = 69.  
 On average, the students significantly increased in their scores from pre to post on the 
multiple answer (paired t-test, meanpre = 4.86±1.6; meanpost = 5.23±1.6;p<.05). Figure 8 shows 
the difference in student answers from pre to post, with negative numbers indicating students had 
more incorrect answers on their post-test, and positive numbers indicating that students had more 
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correct answers in the post test, and zero meaning the student correct and incorrect answer 
difference did not change.  
 There was no difference between student improvement for the two model activities on the 
multiple choice assessment ( t-test meanΔconcept = 0.27±2.1; meanΔsimulation = 0.51±1.8 p=.474). 
Figure 9 and 10 show game simulation and concept student changes, respectively. 
 
True False Analysis 
Students were given four True False questions on their pre- and post-assessment. First, I 
analyzed whether they answered, “True” or “False” for the question. This was compared pre and 
post, separated by model activity type. The difference for each answer can be seen in Figure 11, 
with students ranging from a negative four (lowered score from pre-assessment to post-
assessment), to four (improved from pre- to post-assessment). At zero, the students did not 
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Figure 9. The percentage of simulation students who answered correctly for each multiple-answer 
for the pre- and post-assessment for Question 1. Game students = 69 
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improve or worsen their score from pre- to post assessment.  When analyzed for overall 
improvement of students for true and false answers, on average students in both activities  
 
	  
improved in their assessments from pre to post (paired t-test; meanpre = 2.06±1.0 meanpost = 
2.32± 1.0; p<0.05).   
For the true false assessments, we observed the trend that students in the game simulation 
group showed a greater improvement in their scores from pre to post than students in the concept 
modeling group (t-test; meanΔconcept = 0.11±1.4; meanΔsimulation =0 .43±1.0 p=.059). 
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Figure 10. The percentage of concept model students who answered correctly for each multiple-
answer for the pre- and post-assessment for Question 1. Concept students = 83 
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Qualitative Analysis of True False Questions 
For Question 2, students were asked to answer the question “Once carbon enters a plant, 
it can exit the plant as CO2. True of False. Explain” (Hartley et al. 2011,Wilson et al. 2006). For 
this question, Table 5 shows the percentage of student responses for each category. In the pre-
assessment, 35% of students who received concept model and 37% of students who received 
game simulation activity answered correctly for Question 2. In post assessment, 39% of students 
who received the concept model activity and 46% of game simulation students answered 
correctly for Question 2. None of these answers were statistically significant when looking 
between pre and post assessment and activity, or when observing pre and post-assessment within 
activity type (Fisher Exact test >0.05).  
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Figure 11. The percentage of students’ score difference for the pre- to post-assessment of 
students in both modeling activities. A student with a negative score performed worse on the 
post-test than the pre-assessment; a student with a zero score had no change, and a student 
with a positive score did better on the post-assessment than on the pre-assessment. Concept 
students = 83; game students = 69 
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Table 5. Percentage of student responses in coding categories within each activity for question 2 of the pre 
and post-assessments. Question 2: Once carbon enters a plant, it can exit the plant as CO2.  True or False. 
Explain* 
 
Category  Description of category Percent Responses 
  
Concept   
(n=83) 
Simulation 
(n=69) 
  Pre  Post  Pre  Post  
Correct True False answer True 35 39 37 46 
Cellular respiration correctly 
described 
Students mention cellular respiration 
or mention cellular respiration and 
described it correctly 
18 13 16 22 
Cellular respiration 
incorrectly described 
Students mention cellular 
respiration, but describe the process 
incorrectly 
2 5 6 3 
Cellular respiration not 
discussed 
Students mention a process, but not 
cellular respiration 23 24 30 18 
Photosynthesis correctly 
described 
Photosynthesis was either mentioned 
or mentioned and described correctly 23 24 25 18 
Photosynthesis described 
with an incorrect process or 
product 
Student described photosynthesis 
incorrectly 
12a 4a 10 3 
Oxygen as a product 
Students mention that plants create 
oxygen as a product, sometimes 
mentioning photosynthesis. 
52 41 46 37 
Matter converted to energy or 
vice versa 
Students converted matter into some 
form of energy 
1 2 4 1 
a significant difference from pre to post; p<0.5 
*http://dqc.crcstl.msu.edu/	  
For the seven categories of student written responses, the only response that was 
significantly different from pre to post-assessment for the concept model students was 
“Photosynthesis described with an incorrect process or product”, in which more students 
responses had the incorrect process of photosynthesis in the pre-assessment (12%) than the post-
assessment (4%) (Fisher exact test =0.040). All other categories were statistically insignificant 
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either between activity type or from pre to post-assessment. For student percent responses by 
category, almost half of the students related this question to oxygen as a product that plants 
release (concept model: pre 54% to post 41%; game simulation: pre 46% to post 37%), and did 
not address carbon dioxide as the question indicated.  
Table 6. Percentage of student responses in coding categories within each activity for question 3 of the pre 
and post-assessments. Question 3: Once carbon enters a plant, it can become part of the plant cell walls, 
protein, and fat. True or False. Explain* 
Category Description of category Percent Responses 
  Concept 
(n=83) 
Simulation 
(n=69) 
  Pre Post Pre Post 
Correct True False answer True 80 80 72a 91a 
Carbon as building blocks 
or build structure 
Carbon as a way for a plant to build 
structure or molecules. 
16 17 10 16 
Molecules containing 
carbon 
The student mentions molecules that 
contain carbon and would be found in a 
plant.  
2 16 2 25 
Incorporated into plant via 
photosynthesis 
Carbon is incorporated into the plant 
through the process of photosynthesis 
7 11 10 6 
Incorporated into the plant 
via use 
Students vaguely mention that plants 
will use carbon.  
15 11 16 21 
Matter converted into 
energy 
Students convert matter into energy.  11 9 6 6 
a significant difference from pre to post; p<0.5 
* http://dqc.crcstl.msu.edu/ 
For Question 3, students were asked, “Once carbon enters a plant, it can become part of 
the plant cell walls, protein and fat. True or false. Explain” (Hartley et al. 2011,Wilson et al. 
2006). Table 6 shows the percentage of student responses to respective categories for Question 3. 
Game simulation students performed better in this category in the post than in the pre-assessment 
(pre 72% to post 91%, Fisher Exact Test = 0.009), however concept model student performance 
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stayed the same (80%). There was also no significant difference between activity types in pre or 
post-assessment.   
Table 7. Percentage of student responses in coding categories within each activity for question 4 of the 
pre and post-assessments. Question 4: Once carbon enters a plant, it can be consumed by an insect 
feeding on the plant and become part of the insect’s body. True or False Explain* 
Category Description of category Percent Responses 
  Concept  
(n=83) 
Simulation 
(n=69) 
  Pre  Post  Pre Post 
Correct True False Answer True 73 79 71 87 
Consumption by insect The carbon is taken in by an insect 
through digestion 
45 38b 48 57b 
Specific ways in which 
carbon is incorporated 
The student gives a detail of how 
carbon is incorporated into the insect 
(e.g. exoskeleton, part of fat or 
protein in insect) 
6 4 9 7 
Matter converted to energy Matter is converted into energy 2 2 4 6 
Unusable carbon There is carbon that is unavailable to 
in insect 
6 11 4 6 
b significant difference between concept model and simulation game activities; p<0.05 
* http://dqc.crcstl.msu.edu/ 
 
Student responses for question 3 were not significantly different from one another either 
from pre to post or by activity type (p<0.05). When looking at the percentages of the student 
answers, the percent of students to answer by any category did not exceed a fourth of the 
students answering “molecules containing carbon”. This category was coded as students 
describing specific molecules in plants, such as starch, glucose, and cellulose.  
For question 4, students were asked “Once carbon enters a plant, it can be consumed by 
an insect feeding on the plant and become part of the insect’s body. True or false. Explain” 
(Hartley et al. 2011,Wilson et al. 2006). Table 7 displays the percentage of students’ responses. 
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Seventy-one to eighty-seven percent of students answered this question correctly. Although 
game simulation students showed a trend for more correct answer (Fisher Exact test = 0.051), 
none of the analysis for between activity or between concept model pre and post were 
significant.   
Table 8. Percentage of student responses in coding categories within each activity for question 5 of the 
pre and post-assessments. Question 5: Once carbon enters a plant, it can exit the plant as O2 during 
photosynthesis.   True or False. Explain* 
Category Description of category Percent responses 
  Concept 
(n=83) 
Simulation 
(n=69) 
  Pre Post Pre Post 
Correct True False Answer False 24 26 22 25 
Oxygen comes from water Oxygen product is described as 
coming from water 
7 1 3 3 
Carbon is not converted into 
oxygen 
Carbon cannot become oxygen 10 12 9 7 
Incorrect process or products 
of photosynthesis 
Photosynthesis is described as the 
wrong process or with the wrong 
products and reactants 
5 1 1 4 
Photosynthesis correctly 
described 
Photosynthesis is described in detail 
and correctly 
7 1 4 7 
Incomplete description of 
photosynthesis 
Photosynthesis is described but 
missing some reactants or products 
49 50 51 48 
Carbon transforms into 
oxygen 
Carbon is described as becoming 
oxygen 
9 13 13 6 
Animals or humans breathe in 
oxygen 
Oxygen is described as being 
created by plants for the benefit of 
animals 
2b 4 10b 9 
b significant difference between concept model and simulation game activities; p<0.05 
* http://dqc.crcstl.msu.edu/ 
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Table 9. Percentage of  student responses in coding categories within each activity for question 6 of the pre 
and post-assessments. Question 6: A tropical rainforest is an example of an ecosystem. Which of the 
following statements about matter in a tropical rainforest is the most accurate? Please choose ONE answer 
that you think is best. a) Matter is not recycled. b) Matter is recycled** 
 Category Description of category Percent responses 
  
Concept   
(n=83) 
Simulation 
(n=69) 
Pre% Post% Pre% Post% 
Correct Multiple choice 
answer 
b. matter is recycled 98 91 99 96 
Conservation of matter Matter is neither created or destroyed 24 21 28 22 
Matter transform Matter turns into other forms 7 6 9 7 
Consumption Animals feed or eat or consume 10 11 19 18 
Food web or chain “food web” or “food chain”  6 2 4 7 
Producers and consumers “producer” or “consumer” mentioned 7 2b 13 12b 
Death and decomposition Dead things mentioned in along with 
decomposition; what is being 
decomposed 
20 15 16 21 
Decomposers Decomposer, bacteria or fungi 13b 15 27b 22 
To decompose “Decompose”, “break down” as 
described to decompose. 24 20 16 30 
Decomposition end result Description of what happens after 
decomposition 17
b 13 4a,b 18a 
Ecosystem use Matter recycled through the ecosystem 2 4 0 1 
Processes Photosynthesis, digestion, cellular 
respiration discussed in answer 5 4 6 1 
Example of elements Carbon, nitrogen, and other elements 
discussed as being cycled.  7 9 10 4 
Matter to energy Matter is converted into energy 1 4 6 3 
Energy recycled Energy is considered recycled in answer 2 2 7 3 
a significant difference from pre to post, b significant difference between concept model and simulation 
game activities; p<0.05 
**Romero et al. 2015 
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Seven categories were coded for this particular question, yet only “consumption by 
insect” was coded present for almost half of the students. Although there was not a significant 
difference between the pre and post answers for students within each activity, there was a 
significant difference between student activity and number of students in the category for post-
assessment. Students in the concept model group (38%) presented this idea less frequently than 
game simulation students (57%) (Fisher Exact test = 0.025). 
For question 5, students were asked “Once carbon enters a plant, it can exit the plant as 
O2 during photosynthesis. True or False. Explain”. Table 8 represents Question 5 student 
response categories. Twenty-two to twenty-five percent of students answered correctly, though 
the change from pre to post-assessment within activity or compared to each activity type was 
statistically significant (Fisher Exact test >0.05).  
Of the seven categories that were coded in question 5, approximately half of the students’ 
responses were coded for “incomplete description of photosynthesis”. No other category 
accounted for more than 13% of the student responses. There were no statistical difference for 
students pre to post in either activity across all categories. In their responses to the pre-
assessment, game simulation students (10%) used the category “Animals or humans breathe in 
oxygen” more often than did concept model students (2%) (Fisher exact test = 0.047). No other 
categories were statistically different by activity type (Table 8).  
Qualitative Analysis of Student Written Responses for Matter Cycling 
Students were also asked to answer question 6, in which they had to apply the correct 
multiple choice answer and then explain why they chose this answer. Table 9 displays the 
percentage of students within the concept model and game simulation discussion sessions who 
correctly answered this question and the coding for their explanation. The majority of the 
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students (over 90%) correctly answered “b. matter is recycled” within a tropical rainforest. 
However, both concept model students and game simulation students’ correct responses 
decreased in the percentage to the post test, (concept model pre 98% to post 91%; game 
simulation pre 99% to post 96%). 
Table 10. Percentage of  student responses in coding categories within each activity for question 7 of 
the post-assessments   
Question 7: Describe how a carbon atom from an old, ‘deceased’ jackrabbit buried under a cactus can 
end up within the coyote. NOTE: the coyote does not dig up and consume any part of the jackrabbit’s 
remains”.*** 
Category Concept (%) 
(n=83) 
Simulation (%) 
(n=69) 
Decomposition 45 43 
Photosynthesis 7 9 
Consumption by herbivore 36 34 
Consumption by coyote 57 60 
Rabbit to soil or nutrients 36 40 
Soil or nutrients to atmosphere 6 10 
Atmosphere to cactus 5 6 
Cactus to herbivore 35 32 
Herbivore to coyote 41 34 
Food chain or carbon cycle 13b 3b 
Respiration not by bacteria 5 9 
Soil to cactus 42 50 
Soil to coyote 2 1 
Cactus to atmosphere 6 9 
Cactus to coyote 25 28 
Atmosphere to coyote 12 16 
b significant difference between concept model and simulation game activities; p<0.05 
***Ebert-May et al 2003 
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Of the fourteen categories that were coded for student answers, about a fifth of students’ 
responses correctly applied the conservation of matter to this question. Students described 
decomposition in many ways for this question.  In the pre-assessment, there was a significant 
difference between concept model students (13%) and simulation game students (27%) involving 
decomposers in their answers (Fisher Exact test = 0.036). The way students answered 
“decomposition end result” was also statistically different not only between pre-assessment of 
concept model students (17%) and game simulation students (4%) (Fisher Exact test = 0.021), 
but also pre and post-assessment for game simulation students (pre 4% to post 18%) (Fisher 
Exact test = 0.30; Table 9). The only other category to have a significant difference in coded 
answers was “producers and consumers” between post-assessment concept model students (2%) 
and game simulation students (12%) (Fisher Exact test=0.047). No other categories were 
significantly different from one another by activity or from pre to post-assessment.  
 
 Qualitative Analysis of Student Written Responses for Carbon Cycle 
Students were asked to provide a written response on only the post-test for Question 7 
“Describe how a carbon atom from an old, ‘deceased’ jackrabbit buried under a cactus can end 
up within the coyote. NOTE: the coyote does not dig up and consume any part of the jackrabbit’s 
remains” (Ebert-May et al 2003). Table 10 presents the percentage of students coded for these 
categories. The student answers were coded based on their written response of the movement of 
carbon. These movements were broken down into steps of the carbon cycle and how the 
organisms or carbon pools interacted with one another. The only category that was different by 
activity type was “food chain or carbon cycle”, with 13% of concept model students answering 
with this idea, and 3% of the game simulation students answering in this way (Fisher Exact Test 
= 0.021). Overall, the students from concept model activity group and from the game simulation 
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activity group had similar percentages for how they answered the question for the coding 
categories 
 
 Students demonstrated incorrect ideas of how the carbon cycle moved through the 
ecosystem. As seen in Figure 13, almost half of the students answered that the carbon from the 
soil goes straight into the plant. Students who answered with this category did not describe 
respiration by the decomposers releasing carbon dioxide, which enters the atmosphere nor did 
they mention photosynthesis taking carbon dioxide from the atmosphere to the plant. However, 
students were able to describe the rest of the carbon pathway correctly (concept model:19% , 
Soil to 
Atmosphere 
Concept model: 6 
Simulation: 10 
Atmosphere to 
plant 
Concept model: 5 
Simulation: 6 
Plant to herbivore 
Concept model 35 
Simulation: 32 Herbivore to Coyote 
Concept model: 41  
Simulation: 34 
Jackrabbit to Soil 
Concept model: 36 
Simulation: 40 
Figure 12 Displays the complete and correct description of the direction of the carbon based on 
Question 6. The arrows are the direction by which the carbon moves through the ecosystem, and the 
boxes display the percentage of the students coded for that category based on activity. Concept 
students = 83; game students = 69  
Figure 12. 
Correct pathway 
Concept: 1 
Simulation: 0 
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game simulation 17% ), though they had missed these two important processes. Another 
incorrect idea demonstrated in Figure 14 shows how students describe the coyote eating cactus, 
disregarding the intermediate process of herbivory. Eleven percent of concept model activity 
students and 16% of game simulation activity students struggled after obtaining carbon from the 
soil, and then had the coyote consume the cactus. A third incorrect idea held by students was that 
the coyote would obtain the carbon from the air. Students seemingly confused respiration from 
the plant as a means for the coyote to obtain carbon from the atmosphere.  
The complete correct path of a carbon atom through this particular ecosystem can be seen 
in Figure 12. The numbers within the figure show the percentage of students that included each 
pathway category in their response. The pathway starts with the carbon going from the deceased 
jackrabbit to the soil, then from the soil to the atmosphere, from the atmosphere to the plant, 
from the plant to an herbivore, and from the herbivore to the coyote. Over half of the students 
answered consumption by the coyote (concept model 57%; game simulation 60%), and almost 
half of the students discuss decomposition (concept model 45% and game simulation 43%). 
However, only 1% of students in the concept model activity answered with this complete cycle 
correctly. None of the simulation students answered with the complete correct pathway.   
 
Text Analysis and Human Coding Agreement 
 Six coding categories from questions 6 and 7 were compared to the two LightSIDE text 
analysis categories, trained with a modified version of question 6. The text analysis categories 
using the LightSIDE software were 1) “law of conservation of matter”(Question 6), and 2)  
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“decomposition” (question 6 and 7). Table 11 details the agreement between computer scoring 
and human coding for the different categories. For example, there was highest agreement 
between computer scoring and the human coders in identifying the presence or absence of the 
category “decomposition” for the question 7 (kappa = 0.813). “Decomposers” (Question 6) 
performed the poorest when trying to define decomposers for question 6 (kappa=0.282).  From 
Jackrabbit to Soil 
Concept model: 36 
Simulation: 40 
Jackrabbit to 
Cactus 
Concept model:42 
Simulation: 50 
Plant to herbivore 
Concept model 35 
Simulation: 32 Herbivore to Coyote 
Concept model: 41  
Simulation: 34 
Figure 13. 
Incorrect idea: 
Soil to cactus 
Concept model:17 
Simulation:19 
Figure 13. Carbon absorbed through plant roots: Common incorrect description of carbon cycling 
based on Question 6. The arrows are the direction by which the student believed carbon moves 
through the ecosystem, with the red arrow indicating the incorrect idea. The boxes display the 
percentage of the students coded for that category based on activity. Concept students = 83; game 
students = 69 
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the six categories tested, three reached the 0.7 acceptable agreement 1) “conservation of matter”, 
2) “to decompose”, and 3) “decomposition”. 
 
Table 11. Comparison of category and how the computer scored the categories from the 
written assessments within question 6 and 7.  
LightSIDE Category Human Coding Category (Question number) Kappa  
Law of conservation of matter Conservation of matter (Q6) 0.790 
Decomposition To decompose (Q6) 0.810 
 Decomposition end result (Q6) 0.629 
 Dead things (Q6) 0.530 
 Decomposers (Q6) 0.282 
 Decomposition (Q7) 0.813 
Soil to Cactus 
Concept model: 42 
Simulation: 50 
Jackrabbit to Soil 
Concept model: 36 
Simulation: 40 
Cactus to coyote 
Concept model:25  
Simulation: 28 
Figure 14.  
Incorrect idea:  
Soil to cactus and 
cactus to coyote 
Concept: 11 
Simulation: 16 
Figure 14. Carbon from cactus eaten by coyote, passing the herbivores: Common incorrect description of 
carbon cycling based on Question 7. The arrows are the direction by which the student believed carbon 
moves through the ecosystem, with the red arrow indicating the incorrect idea. The boxes display the 
percentage of the students coded for that category based on activity. Concept students = 83; game 
students = 69 
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Discussion 
For this study, I examined two hypotheses. The first was that game simulation students 
would report a higher engagement than the concept model students. Second, concept model 
students would display higher learning gains than the game simulation students. 
 
Student Engagement 
Overall, students enjoyed the class activities. Students reported that they enjoyed working 
with one another on these tasks, and many answered that group work made the activity more 
helpful than working alone. Prince (2004) noted that collaborative and cooperative learning 
increased student engagement and their learning gains when applied to engineering classrooms. 
In a review of engineering and physics classes that incorporated active learning, collaborative 
learning and cooperative learning, they found that in these collaborative and cooperative 
environment, students report a positive attitude towards the subject they were learning. Similarly 
the collaborative nature of both concept model and game simulations activities may have led to 
learning gains observed in this study. Student received participation points for both types of 
activities which created a risk-free learning environment. Stone and Glascott (1997) report risk-
free learning as one of the main parts of interactive learning, as are enjoyment and no time 
pressure. In a risk-free environment, students are allowed to explore the subject without a lasting 
consequence, such as an assessment that is counted as a grade. Stone and Glascott propose that 
the student’s emotion is an important facet of learning, as is cognitive actions, such as reception 
of the content. If students feel anxious about their environment, they will not respond to the 
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interactive learning that is beneficial for them. In this study, students positive ratings suggest that 
the learning environment allowed for them to enjoy both activities.  
Although both activities were well received by the students, students in the concept 
model activity reported more confusing items than the simulation students reported. The concept 
students reported that the direction that the arrows should point for the flow of matter and the 
different sizes of the cut-outs representative of magnitude of population or carbon atoms were 
confusing. This was exclusive to their activity, and with one third of students feeling confused 
during the carbon cycle, this may need to be addressed. On the other hand, more than half of the 
simulation students reported that they did not find either activity confusing. This was not further 
investigated, but some possible explanations may pertain to their lack of confusion. The 
simulation students may have either found the activities not rigorous enough, in that they had 
either seen something similar before or that the critical thinking portion of their activity was not 
present. The other explanation could pertain to the simulation activity being well structured with 
a layout that was easier to understand. Excel graphs used in the simulation game activity may 
have been more familiar to the students than the modeling of abstract concepts used in the 
concept model activity, making the simulation easier for students to grasp than the concept 
model.  
 For both groups, some students requested more background knowledge for some of the 
activity. The researchers were not involved in the lecture, but did provide the materials for the 
teaching assistants to conduct the activity. The fifty-minute duration of the discussion sections 
may be too short to provide additional background on the topics addressed and the lesson may 
need to be extended. Although all activities used focused on matter cycling, balancing the time 
needed for each component of the activities can be challenging. The concept model students felt 
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that they needed more background information in order to start forming their models, and did not 
feel they had the adequate knowledge to perform the links of the different parts of the food web 
or carbon cycle with the information they were given. However, the simulation students reported 
during the carbon cycle simulation that the repetition of rounds even with the changes in fossil 
fuels made it too long of a duration for the class in fifty minutes. Aligning the activities to the 
lecture class may help to achieve some connection to the material a little more, and create an 
experience for the student so that they do not feel confused or disengaged.  
 All activities were chosen and modified for their ability to demonstrate matter movement, 
but quite possibly were dissimilar in the presentation of this type of curriculum that could have 
changed how students interacted with the information. Students in the concept model activity 
manipulated a closed system in front of them. Game simulation students were involved in the 
carbon cycle personally (each student took on the role of a carbon atom). These different 
methods of engaging with the activities could bring about a difference in students’ perspectives. 
Students’ confusion with the concept model may be due to lack of familiarity with this 
instructional practice. On the other hand, Excel is more commonly used in undergraduate courses 
and thus may be more familiar and less confusing to students. 
 
Student Learning 
Although I initially predicted that concept models would show higher learning gains than 
the simulation, both concept model and game simulation activities led to improved students 
responses. The game simulation students performed slightly better on their true and false 
answers, which could be attributed to the slight difference in the format of the activity. Students 
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who participated in the carbon cycle simulation imagined themselves as carbon atoms, and were 
a part of the system. Being immersed in the game simulation as opposed to creating a concept 
model may have had a positive effect for these students. Being within the system rather than an 
outside observer might make these concepts easier to remember. Barab et al (2009) observed 
students in four different settings: 1) Simple textbook reading, 2) Simple simulation (no personal 
investment), 3) Immersion simulation (where the simulation felt personal), and 4) Immersion 
simulation played in a group. He found that students who were in a scenario immersed in the 
game simulation and in a game simulation and group reported more enjoyment and performed 
better on the assessment than those who had only an online textbook or a simplistic 
representation of the model.   
 
Student Written Responses 
Students had a solid grasp of some matter and energy concepts, and students tended to do 
well in both the pre- and post-  written assessment. The idea of the law of conservation of matter 
for question 6 was often included in students’ responses, sometimes without a description of 
what was meant (such as “Conservation of matter”) or a common description (i.e. “matter is 
neither created nor destroyed”).  The LightSIDE model was also able to detect the presence or 
absence of the conservation of matter and decomposition categories with a high agreement with 
the human coders (See Table 11). This demonstrates that the model is recognizing the way the 
students are answering the question for conservation of matter.  
Students also included the role of decomposition in their responses to question 6 and 7 on 
the carbon cycle, as shown in Table 11.  For both questions, students described decomposition in 
many ways, as seen from the different categories for question 6. For question 6, students could 
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answer in four categories: What was decomposing (death and decomposition), what was 
decomposing the dead things (decomposers), the action of decomposition (to decompose), and 
what happened after decomposition (decomposition end result).  Although the students answered 
in many ways, the LightSIDE predict model was able to detect the presence of decomposition 
when in the category “to decompose” in question 6 and decomposition in question 7 with high 
accuracy. The other categories that did not do well, such as decomposers or decomposition end 
result, may contribute to the model not being able to recognize the responses for one of two 
reasons: 1) the data set may be too small for the model to grasp, as “decomposition end result” 
may have been difficult to determine based on a small sample of students (48 students) 
answering in this way in the data training set compared to the hundreds of responses used to 
inform the model previously. 2) the responses may have been too variable, as with the same 
“decomposition end result”, students may include animals that the particular model does not 
recognize, or words to describe decomposition (i.e. “break down”) that were not detected by the 
algorithm. The “decomposers” category was not well predicted because the model built on a 
training set where decomposition included verbs (i.e. “to decompose”), but not the possible 
nouns (i.e. “fungi”) that would take part in decomposition. The type of training dataset used can 
limit the predictive capacity of  machine learning approaches, but knowing these particular 
limitations exist could help build better models in the future using different training datasets.   
 
Student Written Responses: Conceptual Difficulties 
Despite students doing better on the post-assessments than pre-assessments, both 
modeling activity groups still held onto incorrect ideas in conservation of matter. In the multiple 
choice, true false, and written responses, students misunderstood photosynthesis. Students 
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answered that through the process of photosynthesis, carbon enters the atmosphere, and 
confounded the process of respiration with photosynthesis within the multiple choice question, as 
more than half marked it as correct when it is incorrect. For Question 2, students assumed that 
only oxygen exited a plant, and ignored cellular respiration as a possible process through which 
carbon would be able to exit (e.g. “Carbon can be released during photosynthesis”, “The 
outcome of the cellular process of a plant is oxygen. Carbon enters the cell and the output is 
oxygen”). Many students also knew that oxygen was a direct product of photosynthesis, but 
could not relate whether that was how carbon exited the plant or not when answering Question 5 
(e.g. “through the act of photosynthesis carbon can be transformed into oxygen”). Finally, in 
other carbon cycle written responses, many students ignored respiration and photosynthesis. 
When respiration, or the release of carbon, was discussed, it was rarely from the decomposers, 
and a few students attributed the carbon in the air to the burning of fossil fuels (e.g. “fossil fuels 
are burned in combustion, which releases carbon back into the atmosphere. The coyote will end 
up breathing in that carbon.”).  Many students wrote that the cactus absorbed the carbon from the 
ground, and did not mention photosynthesis. Other students wrote that the cactus respired and the 
coyote took in carbon from cactus respiration (i.e. “the cactus… would eventually release 
[carbon] into the air and get absorbed by the coyote”). The activities for both models did not 
seem to clarify these misconceptions, especially the confusion about photosynthesis role in 
carbon cycling. 
The most common incorrect idea about the carbon cycle was that carbon is taken up from 
the soil directly by the plant, rather than correct idea that carbon is released when the 
decomposers respire and this released carbon taken in by the plant. Almost half of the concept 
model students and half of the game simulation students discussed this incorrect pathway. This 
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incorrect idea is not novel to the students in this class. Wandersee et al (1994), Amir and Tamir 
(1990) and Ebert-May et al (2003) report this incorrect idea as being one of the many 
misconceptions students have about photosynthesis. Some students did not discuss this 
connection decomposers and carbon availability through respiration, but instead discussed fossil 
fuels being burned to release carbon into the atmosphere. Though few students presented this 
response, it may have been influenced by the activity, as fossil fuels were directly discussed in 
both activity. This emphasis on Industrial Revolution releasing carbon into the atmosphere 
through the burning of fossil fuels may have skewed students when thinking about how carbon 
becomes part of the atmosphere, and so could be something the professor may need to address to 
students who do the activities. One other consideration for emphasis by activity is the “food web 
and carbon cycle” category that was reported as an answer for students in the concept model 
activity. This difference in terms may have been reinforced within the activity, and not within the 
game simulation activity, creating a possible difference in how students answered this question.   
 
Implementation in the Classroom  
Although both forms of models had similar student learning gains from the pre- to post-
assessment, the activities may suit different environments. Our discussion courses were for small 
groups of students, placing them in groups of four or five, with the exception of the simulation 
carbon cycle which saw each student as an individual. For group work, it was conceivable that a 
teaching assistant could observe each group for some time while they completed the activity and 
give individual instruction if a group was struggling, which may be difficult in classes with large 
enrollments. Freeman et al (2014) discusses how class size is a factor in student learning, and 
that typically smaller class sizes have students who perform better on assessments than those in 
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larger classes. The discussion sections in this research were of smaller class sizes, and this may 
have been why the activities had engagement from the students.  
 Materials for learning should also be considered when developing an activity for a 
classroom, especially if the class is diverse in the type of student attending. The concept model 
activity may involve creating many physical pieces (cards of different color, pipe cleaners, 
boards, etc.), while our simulation models depended on computers in the classroom and excel 
workbooks. Time constraints may also be taken into consideration. Looking back at some of the 
student criticism, the time taken to implement for the carbon cycle simulation was too long, and 
could possibly have been shortened while still maintaining the integrity of the lesson.  
 Another factor that affects students’ learning experiences in the classroom is the role of 
teaching assistants. None of the teaching assistants were monitored during their section, though 
some students reported that TAs played a role in how students came to conduct the activity and 
follow-up on the concepts presented. Muzaka (2009) surveyed undergraduate students and asked 
of their perceptions of the teaching assistants. She found that undergraduates thought that the 
knowledge base of graduate teaching assistants was not as large as the professors. The 
undergraduates within the study also felt that the low teaching experience of the TAs was a 
problem when leading discussion groups. Within our activities, students mentioned that their TA 
played a role in helping them understand the content and activities. In future iterations of this 
activity, TAs should be observed to determine what actions taken by TAs were helpful to or 
detracted from the learning experience. 
 This study examined whether the two modeling activities allowed for students to 
understand the same concepts. These activities had intrinsic differences that affected how 
students encountered and interacted with the content. Concept model students were expected to 
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build a working model after being given the opportunity to discuss the parts within the class 
period. Simulation students were asked to observe the trends that occurred within the model. 
Because of this difference in interaction, there may have been an effect on how students 
answered the some of the questions. For the simulation students, the activity allowed for them to 
observe the phenomenon first, then interpret the output. For the concept model students, they 
were expected to create the interaction by a short introduction and the parts that would interact. 
For this particular assessment, it may have been beneficial to have the observation first, as seen 
with the true false answers, though both groups performed similarly in most other aspects. The 
simulation could have provided a different skill, such as observation, while the concept model 
skill included building based on understanding of the concepts. The concept model relied on 
students being able to make the connections in the beginning and then manipulating the system. 
The simulation students were given the opportunity to observe two different graphs after 
simulating a food chain, and then observe the changes over time after simulating the carbon 
cycle. Thus, students required more background knowledge for the concept model activity, than 
the game simulation, which allowed for more inquiry. 
Another major difference was the consistency of the task of the student interaction with 
the models over the course of the two days. Concept model students had similar activities with 
different goals: for food webs, they were expected to create a food web with the arrows tracing 
the movement of matter, and then look at population sizes if the top predator was no long there. 
The next week, they were expected to create a carbon cycle and only follow carbon through their 
model. Because of this, the cards represented two different ideas: population size in food webs 
and carbon accumulation in carbon pools in the carbon cycle. This may have been confusing to 
the students who had seen the material before, and could not recognize the change that we were 
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discussing carbon in the ocean, not an accumulation of water molecules when asked whether the 
ocean increased or decreased. Simulation students, on the other hand, had two very different 
activities, though in both activities students observed the graph change over time. For food webs, 
students were inserting the actions and transferring matter from one organism to another. In the 
carbon activity, the students were the carbon, observing themselves as the carbon atom moving 
through the carbon cycle. Because the students were acting out their own carbon journey, some 
students may have observed more dynamics, such as the ones that started off as plants, or they 
may have observed less movement, such as the ones in the fossil fuel station. These 
individualistic observations may be part of the difference in how students from the activities 
viewed the carbon cycle and matter cycling in general.  
 In conclusion, both simulation models and concept models produce comparable to 
student learning gains, with the only difference being that simulation students have a slight trend 
towards a higher learning gains in the true and false answers. For our study, the simulation 
activity was the least confusing activity compared to the concept model, and is an engaging way 
to introduce the topic to students. Refining the concept model activity could make it more 
accessible to the students. More background information could be provided to students 
unfamiliar with the Yellowstone ecosystem. Simplifying the model, or finding a way to scaffold 
the concepts presented could also help students who were confused by the activity. For the 
students who reported that direction of movement was confusing, providing a more thorough 
introduction to this concept could help students in their confusion. Working through some of 
these concerns the students had while completing the activity could improve the concept model 
in the future.    
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The student responses to written assessments from both modeling activities were 
comparable to one another, and did not reveal any major difference in how each modeling group 
answered the written responses. Many incorrect ideas that all students held were revealed during 
the analysis of these written answers, as opposed to only analyzing whether the student answered 
true false or multiple choice correctly. With grading written assessments, it is promising to note 
that a model trained to recognize the presence or absence of categories in one question can also 
relate to another question’s emergent themes. This provides support for using the models in 
written assessments that assess the same topics but different teach contexts (for example, in non-
major and biology-major courses). 
The written responses that were collected revealed a few incorrect ideas about 
photosynthesis and matter movement. Unfortunately, overcoming misconceptions is difficult 
(Galvin et al 2015), but the first step is to know which incorrect ideas the students have. Student 
misunderstandings can stem from the everyday use of terms with specific meanings in science 
curriculum, or even from the presentation within textbooks (Deshmukh, 2012). With these 
misconceptions in mind, going through the model and emphasizing the role of photosynthesis in 
the carbon cycle and the food web would bring photosynthesis as a focused part of the models. 
For example, the part of the emphasis of the carbon cycle activity addressed fossil fuels as a way 
that carbon enters the atmosphere. Because this was the manipulation point (using the industrial 
and global industrial revolutions as major events to effect this), students may have remembered 
this as a major focus for carbon in the atmosphere as opposed to respiration. While this is not 
necessarily a misconception, it does show that the focus of the activity may have played a role in 
the student written assessments.  
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Appendices 
Appendix A: Student Engagement Survey 
Survey Questions:   
 
1.       Overall, I liked this activity  
 
strongly agree  agree  neutral  disagree strongly disagree 
 
2. This activity reinforces the lesson in class about [Food Webs/Carbon Cycle] 
 
strongly agree  agree  neutral  disagree strongly disagree 
 
3. I have a better understanding of [Food webs/Carbon Cycle] 
 
strongly agree  agree  neutral  disagree strongly disagree 
 
4. What was confusing or difficult about this activity? 
 
 
 
 
5. What did you find most helpful in this activity? 
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Appendix B: Student Pre and Post-Assessment Questions 
1. Carbon exists in the atmosphere, where could it have come from? Select all correct answers.a 
A) Photosynthesis by plants   
B) Diffusion from the ocean 
C) Cellular respiration by plants 
D) Cellular respiration by animals 
E) Cellular respiration by bacteria 
F) Burning of biofuels 
G)  Burning of fossil fuels 
H)  Depletion of the ozone layer 
 
2. Once carbon enters a plant, it can …a 
exit the plant as CO2. Select True or False. Explain 
 
3. Once carbon enters a plant, it can …a 
 become part of the plant cell walls, protein, and fat. Select True or False. Explain 
 
4. Once carbon enters a plant, it can …a 
 be consumed by an insect feeding on the plant and become part of the insect’s body. 
Select True or False. Explain 
 
5. Once carbon enters a plant, it can …a 
exit the plant as O2 during photosynthesis.  Select True or False. Explain 
 
6. Part A: A tropical rainforest is an example of an ecosystem. Which of the following statements 
about matter in a tropical rainforest is the most accurate? Please choose ONE answer that 
you think is best.b 
a) Matter is not recycled. 
b) Matter is recycled 
 
Part B: Explain your answer. 
 
4. Describe how a carbon atom from an old, ‘deceased’ jackrabbit buried under a cactus can end 
up within the coyote. NOTE: the coyote does not dig up and consume any part of the 
jackrabbit’s remains.c 
 
a Heartley et al 2011; Wilson et al 2003; http://dqc.crcstl.msu.edu 
b  Romero et al 2015 
c Ebert-May et al. 2003 
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